We have used whole mount in situ hybridization to analyze the patterns of expression of two genes, S9 and actin CyIIa, during the development of the sea urchin, Strongylocentrotus purpuratus. We demonstrate that at the late blastula stage, these two mRNAs are expressed specifically by cells of the vegetal plate. Their domains of expression, however, are different. 59 mRNA is broadly distributed within most of the vegetal plate except for the central region, while Cylia expression is restricted to a population of 10-15 cells in the ventral region of the plate. S9-expressing secondary mesenchyme cells (SMCs) migrate from the vegetal plate into the blastocoel early in gastrulation and later populate the dorsal ectoderm. The numbers, morphology, and migratory behavior of these cells strongly suggest that they are pigment cells. Throughout gastrulation, CyZla mRNA is expressed by a population of presumptive SMCs at the ventral aspect of the archenteron tip. The pattern of expression of this mRNA is dynamic, however, and by the early pluteus stage, Cylla mRNA accumulates in primary mesenchyme cells (PMCs), SMCs, and endodermal ceils of the gut. When embryos are treated with NiC12, a compound that has been shown to ventralize other embryonic tissues, CylIu mRNA is expressed by an increased number of cells in the vegetal plate in a radially symmetrical pattern. The spatial pattern of Cylla expression provides the first direct molecular evidence that the vegetal plate is polarized along the dorso-ventral (D-V) axis of the embryo. This gene product should be a valuable marker in future studies of D-V axis specification, as it can be detected at earlier developmental stages than existing molecular markers of this axis. Our observations show that the vegetal plate consists of subterritories of gene expression, and provide further support for the view that diversification of the presumptive, non-skeletogenic mesoderm begins prior to the onset of invagination.
Introduction
The vegetal plate of the sea urchin embryo, a thickened region of the epitbelial wall of the blastula, gives rise to a diverse array of cell types. This transitory structure is the source of all mesodermal cells, including the skeletogenic primary mesenchyme cells (PMCs) and the four major secondary mesenchyme cell (SMC) derivatives: pigment, muscle, coelomic pouch, and blastocoelar cells. The vegetal plate also gives rise to the endoderm, which is subsequently compartmentalized into the three major subdivisions of the larval digestive tract: the foregut, midgut, and hindgut. In concert with their re-markable diversification during post-blastula development, cells derived from the vegetal plate exhibit the most extensive rearrangements and shape changes of any cells in the embryo (see review by Ettensohn and Ingersoll, 1992) .
Recent fate-mapping, embryo manipulation, and gene expression studies have begun to address the problem of the timing and mechanisms of cell fate specification in the vegetal plate. The classical fate map of the sea urchin embryo indicates that the vegetal plate is derived from the veg2 blastomeres and micromere descendants of the 64-cell stage embryo (Horstadius, 1939) . More recent studies using improved fluorescent cell labeling methods, however, have shown that the vegl blastomeres also contribute to the endoderm of the larva (Logan and McClay, 1994, and personal communication) , raising the possibility that the vegetal plate of the late blastula stage embryo includes cells of both the vegl and veg2 lineages. Recently, a fate map of the vegetal plate of the Lytechinus variegatus mesenchyme blastula has been generated at single cell resolution, by labeling individual vegetal plate cells in situ with the lipophilic fluorescent dye, DiIC,,,, Ettensohn, 1993, 1996) . This fate map has provided evidence that some restriction of cell fates occurs prior to the onset of invagination, and has shown that there are differences in the fates of cells located in the dorsal and ventral regions of the vegetal plate.
The identification and characterization of gene products expressed by vegetal plate-derived cells will be essential for the analysis of fate specification in this territory of the embryo. Several vegetal plate-specific molecular markers have already been described. The END01 protein is first expressed throughout the archenteron at the early gastrula stage and becomes progressively restricted to the mid-and hindgut of the pluteus larva (Wessel and McClay, 1985) . Transcripts encoded by the LvNZ.2 and
End516
genes are expressed broadly throughout the vegetal plate, with the exception of the central region, where the progeny of the micromeres are located (Nocente McGrath et al., 1989; Wessel et al., 1989; Ransick et al., 1993) . These two mRNAs also exhibit a progressive restriction in their domains of expression; LvN1.2 becomes restricted to the mid-and hindgut of the larva, while EndoZ6 is expressed primarily by cells of the midgut. Cox et al. (1986) examined the spatial patterns of expression of several actin genes in Strongylocentrotus purpuratus by means of autoradiographic in situ hybridization. Transcripts of three of these genes (CyZ, Cylla, and Cyllb) are expressed predominantly in the vegetal plate of the blastula, and are localized to different regions of the ectoderm, gut, and/or mesenchyme cells at later developmental stages. Based partly on the observation that all these gene products are initially expressed throughout almost the entire vegetal plate, it has been proposed that the vegetal plate represents a distinct territory of gene expression in the early embryo (Davidson, 1989) .
In this study, we have used whole mount in situ hybridization to analyze the patterns of expression of CyIIa and a less-well characterized gene, S9. We find that these gene products exhibit dynamic spatial patterns of expression that are substantially different from those of previously described vegetal plate markers. Our observations provide direct support for the view that diversification of non-skeletogenic, mesodermal subpopulations in the vegetal plate begins prior to the onset of invagination. Moreover, we report for the first time that the dorsoventral (D-V) polarity of the embryo, previously defined by properties of the ectoderm, is also reflected in a differential pattern of gene expression within the vegetal plate at the late blastula stage. This D-V polarity of the vegetal plate can be altered by NiCl*, an agent that has previously been shown to ventralize the ectoderm.
Results

I. S9 expression during the development of S.
purpuratus A local accumulation of S9 transcripts in the vegetal plate was first detectable by in situ hybridization at the late blastula stage, at approximately the time PMC ingression was beginning (Fig. 1A) . A lower level of staining throughout the epithelial wall of the embryo was also apparent at this stage, which may represent a transient pattern of early zygotic expression of this gene (P. Ringsley, unpublished observations). At the mesenchyme blastula stage, after PMC ingression was complete, S9 mRNA was expressed at high levels throughout much of the vegetal plate in a symmetrical pattern (Fig. 1B) . PMCs that had ingressed into the blastocoel did not express detectable levels of S9 mRNA (Fig. lA,B) , and in specimens that were favorably oriented, a clear zone in the center of the vegetal plate was apparent (Fig. lC) , suggesting that the descendants of the small micromeres (and possibly other cells) did not express the transcript. 59 transcripts showed a polarized intracellular distribution and were concentrated at the basal ends of cells in the vegetal plate (Fig. 1A.B) . Two other mRNAs in the sea urchin embryo are known to exhibit a similar basal localization, those encoded by an arylsulfatase gene and the EGFZ gene, and in these cases the corresponding proteins are probably secreted (Yang et al., 1989; Grimwade et al., 1991) .
During the first phase of archenteron invagination, S9-expressing SMCs began to emigrate from the vegetal epithelium (Fig. 1D) . After ingression, these cells became scattered throughout the vegetal region of the blastocoel and sometimes migrated into the animal hemisphere (Fig.  1E) . Mingled with these cells in the vegetal region were mesenchyme cells that did not express detectable levels of S9 mRNA (Fig lD,E) . We presumed that the nonexpressing cells were PMCs. The precise time of the ingression of the S9positive SMCs varied somewhat among different batches of embryos. In some cultures, these cells began to ingress at the earliest sign of invagination, while in others they remained associated with the archenteron until after it had invaginated up to a third of the distance across the blastocoel.
Because our observations were based solely on static images, we could not establish with certainty whether all of the S9-expressing cells in the vegetal plate at the mesenchyme blastula stage ingressed into the blastocoel during early gastrulation. By the mid-late gastrula stages, no expression of S9 mRNA was visible in the endodermal cells that formed that lateral walls of the archenteron, suggesting that all S9-expressing cells might have entered the blastocoel. However, at later stages of gastrulation, S9-expressing SMCs were usually visible at the tip of the archenteron (Fig. 1F ). At present, we do not know the fate of these SMCs, nor do we know whether they activate 59 expression de novo during gastrulation or maintain expression continuously from the mesenchyme blastula stage.
At post-gastrula stages of development, S9-expressing cells were found exclusively within the ectoderm of the embryo ( Fig. lG-K) . In lateral views of prism and pluteus stage embryos, it was evident that the S9-expressing SMCs were concentrated dorsally (aborally) and were excluded from the ventral (oral) ectoderm (Fig. lG,I ). Cell counts indicated that at the early pluteus stage, there were approximately 33 S9-expressing cells per embryo (mean f SD 32.7 -+ 6.1, n = 20). These cells were typically spread and stellate, and in almost all cases the cell bodies appeared to be located within the ectodermal epithelium (Fig. 1K ).
CyZZa expression during the development of S. purpuratus
CyZZa mRNA was first detectable by whole mount in situ hybridization in the vegetal plate at the mesenchyme blastula stage, following PMC ingression ( Fig. 2A,B ).
This timing was consistent with measurements of the rate of CyZZa mRNA synthesis (Lee et al., 1992) and transcript accumulation by titration . The initial activation of CyZZa expression in the vegetal plate corresponded relatively closely in time to that of S9. Unlike S9, however, CyZZa was expressed in a radially asymmetrical fashion. We consistently observed that the expression of this mRNA was restricted to a subpopulation of 10-15 vegetal plate cells located pericentrally ( Fig. 2B-D) . To reveal this asymmetric localization more clearly with respect to the domain of S9 expression, we adapted a method for double-labeling embryo whole mounts that has been used with amphibian embryos (Knecht et al., 1995; T. Doniach, personal communication) . In situ hybridizations were performed by simultaneously incubating embryos with a digoxigenin-labeled CyZZa riboprobe and a fluorescein-labeled S9 riboprobe. The embryos were first treated with an alkaline phosphatase-conjugated anti-digoxigenin antibody and the color reaction carried out using the substrate NBTZBCIP, which yields a bluepurple reaction product. After washing the embryos with methanol, they were incubated with alkaline phosphataseconjugated anti-fluorescein antibody and incubated with the Vectastain II substrate, which yields a brown-red reaction product. Control experiments showed that incubation in methanol completely inactivated the alkaline phosphatase activity of the first (anti-digoxigenin) antibody. This method showed clearly that the region of CyZZa expression in the vegetal plate was largely or completely contained within the zone of S9 expression and was located at its periphery (Fig. 3) .
When examined at frequent intervals during gastrulation, CyZZa-expressing cells were always found in a discrete region located slightly eccentric to the tip of the invaginating archenteron. At later stages of gastrulation, it was evident that these cells lay on the ventral aspect of the archenteron tip, i.e. the side most closely apposed to the blastocoel wall (Fig. 2E) . Near the end of gastrulation, CyZZa-expressing cells emigrated from the tip of the archenteron (Fig. 2F) . At the same stage, we observed an accumulation of CyZZa mRNA in PMCs, which by that time had completed the formation of the subequatorial ring. We did not detect appreciable levels of CyZZa expression in the endoderm of the gut during gastrulation. At the early pluteus stage, however, CyZZa expression was detectable in several tissues, including the gut (Fig. 2G,H) . As reported by Cox et al. (1986) , CyZZa was expressed predominantly by cells of the midgut and, to a lesser extent, by hindgut cells. At the pluteus stage, SMCs that were closely associated with the ectodermal layer expressed high levels of CyZZa mRNA. Some of these may have been the same cells that expressed CyZZa mRNA at the archenteron tip throughout gastrulation, although because CyZZa expression was dynamic within mesenchymal cell populations, we could not rule out the possibility that they represented a different population of cells. These Detection was carried out using alkaline phosphatase-conjugated anti-fluorescein and anti-digoxigenin antibodies and two different enzyme substrates (see Section 4). S9 mRNA is expressed broadly in the vegetal plate (brown region), while Cyila is expressed in a more restricted zone at the edge of the vegetal plate (blue region, arrow). Most or all of the region of Cylla expression is contained within the S9 domain, demonstrating that some vegetal plate cells co-express high levels of both transcripts.
CyZZu-expressing SMCs resembled those that expressed S9 mRNA: they were spread and stellate in shape, and their cell bodies were often located within the ectodermal layer (Fig. 2G,H) . In addition to these ectodermassociated SMCs, CyZZu expression was evident in mesenchymal cells within the blastocoel that did not express S9 mRNA at this same stage (compare Figs. 1G and 2H ). Although we could not unambiguously identify these cells, at least some appeared to be blastocoelar cells, as they were not closely associated with the ectoderm and did not express the PMC-specific marker, SM30 (data not shown). It was not possible to make highly accurate counts of the number of CyZZu-expressing mesenchymal cells at the pluteus stage due to the intense signal from gut tissue. We estimated, however, that approximately 40-50 mesenchymal cells/embryo expressed detectable levels of CyZZa mRNA at the early pluteus stage.
CyZZa expression in the vegetal plate of NiC12-treated embryos
Because CyZZa expression appeared to be restricted to cells in the ventral region of the vegetal plate, we sought to test whether this asymmetry could be modified by NiC12, an agent that has been shown to increase the domains of expression of ventral ectodermal markers at the expense of dorsal ones. We first performed preliminary experiments to demonstrate that the morphological effects of NiCl,, previously reported using embryos of L. variegatus, were also observed in S. purpuratus. When S. purpuratus embryos were cultured continuously in the presence of NiCl, at several concentrations between 0.05 mM and 0.4 mM, we observed a dose-dependent radialization that was essentially indistinguishable from that described for L. variegatus (Hardin et al., 1992) . At the lowest concentration (0.05 mM), the embryos invaginated, although in a delayed fashion relative to controls, and subsequently gave rise to radialized swimming larvae that lacked arms. When these embryos were examined with polarization optics, they exhibited numerous skeletal rudiments, usually 4-g/embryo, and closely resembled the radialized embryos shown in Figs. 1 and 8 of Hardin et al. (1992) . At progressively higher concentrations, an increasing percentage of the embryos failed to gastrulate and skeletal rod elongation was partially inhibited, although such embryos still swam, exhibited multiple sites of spicule initiation, and appeared radialized in overall shape. Based upon these studies, we chose NiCl, concentrations of 0.05 and 0.1 mM for all subsequent experiments.
To determine whether NiC12 could alter D-V polarity within the vegetal plate, embryos raised continuously in NiCl:! from fertilization were fixed at the mesenchyme blastula stage and processed for whole mount in situ hybridization using Cylra probe. As shown in Fig. 4 , in such NiC12-treated embryos, CyZZa mRNA was expressed in a radially symmetrical fashion by cells around the entire circumference of the vegetal plate (compare Figs. 2C and 4A, and Figs. 2D and 4B). A small, clear zone was evident in the center of the plate, suggesting that the small micromere descendants, and possibly other vegetal plate cells, do not express detectable levels of the transcript. At the concentrations of NiC12 used, virtually all embryos exhibited a radialized phenotype, although in many cases there were small gaps in the ring of Cylla-expressing cells (e.g. the embryo shown in Fig. 4B ). As noted above, it was difficult to make highly accurate counts of the numbers of CyZZu-expressing cells in the vegetal plate due to the dense packing of cells in this region and the pseudostratified nature of the epithelium. Nevertheless, it was clear that the total number of cells expressing CyZZu mRNA increased as a result of NiClz treatment. We estimated that in control embryos, approximately 10-15 cells in the vegetal plate expressed CyZZa mRNA. In the representative embryo shown in Fig. 4B , however, at least 30 cells in the vegetal plate accumulated high levels of the CyZZa mRNA.
Discussion
We have used whole mount in situ hybridization to analyze the patterns of expression of two mRNAs that accumulate in the vegetal plate at the late blastula stage. Our findings concerning the spatial and temporal expression of CyZZa in S. purpuratus are generally in accord with those of Cox et al. (1986) , who anaiyzed the patterns of expression of several actin genes, including CyZZa, by means of autoradiographic in situ hybridizations. These workers noted that the domain of CyZZa expression was more restricted than that of CyZ, which is also expressed in the vegetal plate. We confirm this finding and make the significant additional observation that the CyZZa mRNA is expressed pericentrally in the vegetal plate in what is most likely to be the ventral sector (see below). We have also extended the findings of Cox et al. by reporting for the first time a distinct up-regulation in PMCs following subequatorial ring formation, and by describing the spatial distribution of CyZZu-expressing mesenchyme cells within the pluteus larva.
The S9 and CyZZa mRNAs show patterns of expression that are distinct from those of previously characterized vegetal plate markers. The Endo I, Endo 16, and LvNZ.2 gene products all are initially expressed broadly within the vegetal plate and exhibit a gradual restriction to the mid-and/or hindgut (Wessel and McClay, 1985; Nocente McGrath et al., 1989; Wessel et al., 1989; Ransick et al., 1993) . Indeed, progressive restriction of expression domains appears to be a common mode of gene regulation in the sea urchin embryo (see Kingsley et al., 1993) . The spatial expression of CyZZa is distinctive among all markers thus far described in that its initial expression is limited to one sector of the vegetal plate. In addition, rather than exhibiting a restriction in its spatial expression during later development, CyZZa mRNA accumulates in an increasing number of cell types. The second transcript we examined, S9, is initially expressed broadly within much of the vegetal plate, like Endo 16, Endo I, and LvNZ.2. The S9 mRNA, however, does not show a gradual restriction of expression to specific compartments of the gut. Instead, many (perhaps all) of the S9-expressing cells migrate out of the vegetal epithelium early in gastrulation. At later developmental stages this mRNA is not expressed by endoderm cells, at least in S. purpuratus.
We favor the view that the S9-expressing SMCs are pigment cells, based on several considerations.
A comparison of the developmental expression of the pigment cell-specific antigen Spl (Fig. 2 in Gibson and Burke, 1985) and the S9 mRNA (Fig. 1, this paper) (Gibson and Burke, 1985) . This value corresponds closely to our counts of the number of S9-expressing SMCs at this same stage (mean + SD 32.7 + 6.1). Finally, immunostaining of S. purpuratus plutei using the Spl antibody and direct observations of living larvae show that pigment cells are concentrated exclusively in the dorsal ectoderm, as is true of S9-expressing cells (Ettensohn, unpublished observations) .
An unexpected finding in the present study was that Cy!la mRNA accumulates specifically in one sector of the vegetal plate. It seems highly likely that this represents the ventral side of the plate. When embryos were fixed at frequent intervals during gastrulation, a discrete patch of Cylla-expressing cells was always observed slightly eccentric to the tip of the invaginating archenteron. By the late gastrula stage, it was evident that these cells lay on the ventral aspect of the archenteron. Recent studies by another laboratory have shown that when early gastrula stage embryos are double-labeled with CyIIu probe and a probe complementary to the Specl mRNA, a dorsal ectoderm marker (Lynn et al., 1983; Tomlinson and Klein, 1990) , the domain of Specf expression lies directly opposite that of CyZZa (M. Arnone and E. Davidson, personal communication).
At present, we cannot rule out the possibility that during the brief interval between the mesenchyme blastula and early gastrula stages, the discrete domain of CyZZa expression shifts to the ventral side of the embryo from a different site of origin, as a result of cell movements or dynamic changes in gene expression. The former seems improbable, as changes in the shape of clones of labeled cells during gastrulation indicate that no significant circumferential movement of cells occurs within the vegetal epithelium (Hardin, 1989; Burke et al., 1991) . At present, therefore, we favor the hypothesis that the CyIia gene is initially activated on the ventral side of the embryo. This is in agreement with our finding that NiC12, which generally increases the domains of expression of ventral markers at the expense of dorsal ones, increases the domain of CyIIa expression (see below).
The expression of the Cylla gene provides the first direct evidence that the vegetal plate is polarized prior to the onset of invagination.
Previous fate-mapping studies in the direct-developing species, Heliocidaris erythrogramma, suggested that such polarity might exist. In this species, pigmented mesenchyme cells are derived exclusively from the ventral region of the plate while the most dorsal cells give rise exclusively to ectoderm (Wray and Raff, 1990) . In species that show an indirect mode of development, there have been few indications that the vegetal plate is radially asymmetrical with respect to cell fates. In a careful study of macromere fates in S. purpuratus, Cameron et al. (1991) did not report differences in the range of cell types originating from different macromeres, although they found that that the VAM (aboral) macromere contributed to either the left or right coelomic pouches while the VOM (oral) macromere contributed to both, and usually contributed a larger number of cells overall. A recent fate-mapping study of the vegetal plate of a different, indirect developing species, Lytechinus variegatus, however, has shown that this region is polarized with respect to SMC fates (Ruffins and Ettensohn, 1996) . In this species, the dorsal and ventral sectors of the vegetal plate give rise to proportionately more pigment and blastocoelar (basal) cells, respectively. The observations reported in the present study extend these findings considerably by demonstrating directly, at the level of differential gene expression, that the vegetal plate is polarized prior to the start of invagination. Moreover, if we are correct in assigning a blastocoelar cell fate to at least some of the Cylla-expressing cells in S. purpuratus, then our observations are consistent with the fate mapping studies in L. variegatus and suggest that blastocoelar cells may arise from the ventral region of the vegetal plate in both species.
The Cylla mRNA is also the first molecular marker of D-V asymmetry that has been identified in a tissue other than ectoderm. Several morphological features and molecular markers reveal the D-V polarity of the ectoderm (for example, see Okazaki et al., 1962; Cox et al., 1986; Hardin et al., 1988; Yang et al., 1989; Coffman and McClay, 1990; Kingsley et al., 1993) . In addition, the arrangement of both PMCs and SMCs is known to be dependent upon the D-V axis, but only indirectly, through the organizing effects of the ectoderm on the migration and patterning of these cells during gastrulation (reviewed by Ettensohn et al., 1996a,b) . In the present study, we find that the D-V polarity of the embryo is also reflected in a polarized pattern of gene activity in the nonskeletogenic mesoderm of the vegetal plate. This polarity can be disrupted by treating embryos with NiCl,, an agent that has been shown to exert a ventralizing influence on the ectoderm and mesenchyme migration (Hardin et al., 1992) . Our results therefore support the view that NiClz produces a general ventralization of the embryo. Although the mechanisms that generate D-V polarity during normal development and the mechanism by which NiCl* perturbs that axis are poorly understood (see Hardin et al., 1992; Henry and Raff, 1994; Ettensohn et al., 1996b) , the CyZIa mRNA should prove to be a useful marker in further studies of D-V axis specification, as it can be readily be detected at earlier developmental stages than other molecular markers of this axis.
Although the precise lineage of the Cylla-expressing cells has not been determined, it is possible to relate this expression pattern to the S. purpuratus fate map generated by Cameron et al. (1987) . The absence of expression in the central region of the vegetal plate in both normal and NiCl,-treated embryos following PMC ingression suggests that the mRNA is not expressed by the descendants of the small micromeres. In addition, when specimens are viewed along the animal-vegetal axis, it is apparent that the expression of CyIIa extends over considerably more than a quarter of the circumference of the archenteron (see Fig. 2D ). Together, these observations suggest that the zone expression of this gene in the vegetal plate consists predominantly of descendants of the VOM (ventral) macromere, but also includes progeny of the two VLM (lateral) macromeres (Cameron et al., 1987) .
The vegetal plate has been described as one of five distinct gene regulatory territories in the early embryo, and is thought to be derived from founder cells of the veg2 layer (Davidson, 1989; Ransick et al., 1993) . According to this view, early lineage ancestries lead to the establishment of territories, each of which is a domain of cells enabled to express a particular battery of regionspecific molecular markers. The extent to which the vegetal plate constitutes such a gene regulatory territory remains an open question. Recent studies suggest that the lineage of cells that contribute to the vegetal plate may be variable (Logan and McClay, 1994, and personal communication) .
In addition, our findings show that at least one gene, CylZu, is preferentially expressed in only a subset of vegetal plate cells. The observations reported in the present study do not, however, rule out the view that the vegetal plate represents a distinct domain of lineage-based gene expression, at least with respect to some molecular markers. Indeed, the broad expression of S9 mRNA in the vegetal plate appears consistent, at least to a first approximation, with that of other molecular markers such as Cyl, LvNI.2, Endo 16, and Endo 1. Whether the domains of expression of these genes are truly equivalent, or only overlapping, will require the development of methods for analyzing the patterns of expression of multiple genes within the vegetal plate of the same embryo at single cell resolution. The polarized expression of CyZZu demonstrates, however, that even before invagination begins, the vegetal plate consists of sub-territories of gene expression. Therefore, if this region of the embryo constitutes a discrete gene regulatory domain, it does so only very transiently. freshly fertilized eggs were transferred to 0.05 or 0.1 mM NiClz (diluted in IO) and cultured continuously in the presence of the compound until they were fixed for whole mount in situ hybridization (see below).
DNA clones
The Cylra clone was a segment of a genomic clone containing the CyZZu gene (Scheller et al., 1981) and included 720 nucleotides of 3' untranslated region (see Lee et al., 1984) . This DNA was transferred from the original vector into pSp6Zl for the production of antisense RNA transcripts, as described by Cox et al. (1986) .
The S9 cDNA was originally isolated from an S. purpurutus gastrula stage LgtlO library prepared from oligodT primed, poly(A)+ RNA (see Kingsley et al., 1993) . The S9 cDNA is 600 bp in length and was cloned into the EcoRl site of pGEM-1 (Promega). Preliminary sequence analysis of the S9 clone has revealed the presence of an open reading frame of 122 amino acids that has no significant homology to sequences currently in the GenBank or EMBL databases (P. Kingsley, unpublished observations; R. Miller, unpublished observations).
Whole mount in situ hybridization
The whole mount in situ hybridization protocol we followed is described in detail by Guss and Ettensohn (1996) , and is based on Ransick and Davidson's (1993) modifications to the method originally described by Harkey et al. (1992) . Briefly, RNA probes labeled by incorporation of digoxigenin-1 I-UTP were prepared using Ambion's MEGAscript kit. CyZZa antisense riboprobe was prepared from DNA purified using a Qiagen maxi-prep kit and linearized with BamHl. S9 antisense riboprobe was prepared from DNA obtained from an alkaline-lysis mini-prep (Sambrook et al., 1989) and linearized with BamHl. 59 sense riboprobe was prepared from CsClpurified DNA (Sambrook et al., 1989) and linearized with PvuII. The integrity of the RNA probes was assessed by electrophoresis on 1% agarose gels containing 2.2 M formaldehyde (Sambrook et al., 1989) . Approximately 75 pg of S9 antisense probe, 10 ,ug of S9 sense probe, and 2~8 of CyZZa antisense probe were obtained. Riboprobes were partially alkaline hydrolyzed and probe concentrations of 0.1-0.4 nglpl were used. For single-label hybridizations, detection was carried out using alkaline phosphatase-conjugated anti-digoxigenin Fab fragments and the substrate NBT/BCIP (Boehringer Mannheim). A further modification of the in situ hybridization method entailed including an RNase treatment (adapted from Fang and Brandhorst, 1996) after hybridization with the probe. Specifically, following three washes in 1 X SSC posthybridization, the embryos were treated with 50pg/ml RNase A (in 1 X SSC) for 30 min. at 37°C then washed in phosphate-buffered saline (PBS) containing 0.1% Tween-20 (PBS-T) and subsequently processed as described by Guss and Ettensohn (1996) . We found that RNase treatment decreased background staining in all embryos and eliminated non-specific binding of sensestrand hybridization probes to pigment cells (see also Fang and Brandhorst, 1996) . Double-label in situ hybridizations were performed using a procedure described by Knecht et al. (1995) and T. Doniach (personal communication). Fluoresceinlabeled S9 riboprobe was prepared using the MEGAscript kit (Ambion, Inc.) as described above, but substituting fluorescein-12-UTP (Boehringer Mannheim) for digoxigenin-1 I-UTP. Embryos were processed for in situ hybridizations as described above, with the following additions. Following hybridization with the Cylla-digoxigenin probe and subsequent processing steps, color development was carried out using the NBT/BCIP substrate. The embryos were then rinsed briefly twice in PBS containing 0.1% Tween-20, 1 mM EDTA (PBS-TE), once in PBS-T, and then fixed for 30 min in absolute methanol at room temperature. Control experiments showed that methanol completely inactivated the alkaline phosphatase activity of the anti-digoxigenin Fab fragments. This was followed by two rinses in PBS-T and incubation in blocking solution (5% lamb serum in PBS-T) for 15 min. The embryos were then incubated for 1 h at room temperature in alkaline phosphatase-conjugated, anti-fluorescein Fab fragments (Boehringer Mannheim). The embryos were rinsed into alkaline phosphatase buffer as before and incubated in the Vectastain alkaline phosphatase substrate (Kit II) (Vector Laboratories, Inc.) for l-2 h. Specimens were rinsed, dehydrated and mounted as described by Guss and Ettensohn (1996) .
Embryos were examined with a Nikon Optiphot microscope using differential interference contrast optics and 40x dry planapochromat (N.A. 0.70) and 100X oil immersion planapochromat (N.A. 1.25) lenses. Photomicroscopy was carried out using a Nikon AFX-IIA camera system and Kodak Royal Gold 100 or Konica Super XG 100 color print film. A blue filter was used for all photomicroscopy.
